We report sub-diffraction limited patterning of Si substrate surfaces by laser-initiated liquid-assisted colloidal lithography. The technique involves exposing a two-dimensional lattice of transparent colloidal particles spin coated on the substrate of interest (here Si) immersed in a liquid (e.g. methanol, acetone, carbon tetrachloride, toluene) to a single picosecond pulse of ultraviolet laser radiation. Surface patterns formed using colloidal particles with different radii in the range 195 nm " R " 1.5 μm and liquids with differing indices of refraction (nliquid) are demonstrated, the detailed topographies of which are sensitively dependent upon whether the index of refraction of the colloidal particle (ncolloid) is greater or smaller than nliquid (i.e. upon whether the incident light converges or diverges upon interaction with the particle). The spatial intensity modulation formed by diffraction of the single laser pulse by the colloidal particles is imprinted into the Si substrate.
1.
Introduction Laser assisted surface patterning processes at the micro and nanoscale are important in a variety of applications. The possible consequences of laser irradiation can range from annealing of crystalline defects to material removal (ablation) or other non-ablative processes [1] [2] [3] . One of the major current challenges is to extend such laser-induced spatial and morphological changes from the micro to the nanoscale, which necessarily requires overcoming the diffraction limit barrier set by the wavelength of the light [4] . Optical near field technologies offer a way around this limitation, and potentially significant advances in material patterning and processing [5, 6] . One route to exploiting near field effects employs a self-assembled two-dimensional (2D) array of micron sized colloidal particles on a surface; laser irradiation through such an array in air promotes surface patterning by virtue of the enhanced electromagnetic field beneath each bead [7, 8] . The patterns observed when irradiating in air can be explained in terms of two limiting regimes: (a) when the bead radius R is much larger than the laser wavelength λ (R » λ), classical optics suffices, with the colloidal particle acting as a spherical lens that focusses the incident light directly beneath itself; and (b) when R «λ, the patterning can be described by Mie theory in the dipole approximation. Sub-diffraction limited focusing of the incident radiation is possible as near-field components of the electromagnetic field are still present [9] . 2D lattices of colloidal particles have also been used as arrays of microlenses on transparent supports [10] . These types of array can act like diffraction gratings, yielding significantly different interference patterns before and behind the focal plane [11] . Microlenses with different sizes, profiles, composition and indices of refraction have been investigated. The corresponding patterns produced in exposed and developed photoresist show feature dimensions as small as ∼100 nm [12] , and topographies that are sensitive to the polarization, coherence and intensity distribution of the incident illumination. We have recently reported first illustrations of the laser-initiated, liquid-assisted colloidal (LILAC) lithography technique wherein irradiating the substrate of interest through an array of colloidal particles in different liquid media (rather than air) can yield a diverse range of surface patterns [13, 14] . The technique employs single pulse laser irradiation, together with self-assembled arrays of colloidal particles on a substrate (Si in the present case) immersed in a liquid. The choice of liquid defines the refractive index of the medium, and thereby offers a route to tuning the optical near-field effects around the colloidal particles. Here we report systematic studies of the ways in which the complex surface patterns and topographies vary with the size and refractive index of the particles, the refractive index of the medium and the laser pulse energy. The results provide a much improved understanding of the diffraction phenomena observed with LILAC lithography methods, and open the way to the prediction and design of surface patterns with feature sizes below the diffraction limit.
Experimental section
The substrates were cut from n-type Si wafers (Crystal GmbH) and pre-treated in an oxygen plasma (Femto Diener, 80W power, 0.5 mbar O2 pressure) for 10 min to remove contaminants and render the surface hydrophilic. We assume bulk values for the optical constants of these Si substrates (i.e. n=5.61 and k=3.014 at λ=355 nm) [15] . Spherical colloidal particles, dispersed in water, were deposited on these substrates by spin coating [13] . Four types of particle were used in the present work: three sizes of silica particle, with respective radii R=1.5 μm, R=350 nm and R=195 nm (Bangs Laboratories) and one size of melamine particle with R=1.5 μm (Sigma Aldrich). The respective manufacturers quote refractive indices ncolloid=1.44 (silica) and ncolloid=1.68 (melamine), both measured at λ=589 nm. For the wavelength of current interest (λ=355 nm), ncolloid (silica)=1.476 [16] , while for melamine ncolloid at λ=355 nm will be >1.68, but we have been unable to find a literature value for this quantity and henceforth continue to quote it as ncolloid=1.68. Laser irradiation of the colloidal particles spin coated onto the Si substrates was performed under four different liquids (volume∼1 cm 3 , contained in an open trough of dimensions 25×25×20 mm 3 ), the refractive indices nliquid of which are listed in table 1. The λ=589 nm data are from the literature [17, 18] , and the corresponding n (λ=355 nm) values have been obtained by extrapolating the dispersion equations provided in these references. Attenuation of the incident laser radiation by the various solvents will be negligible, given their known absorption coefficients α(cm −1 ) <0.04 at λ=355 nm [19] . Samples were irradiated with a Super Rapid diode pumped MOPA Nd:YVO4 laser (Lumera Lasers GMbh, 8 ps pulse duration, maximum output power 2W at λ=355 nm and a repetition rate of 10 kHz). The laser beam was controlled using WaveRunner software (Nutfield Technology) and a galvo scanner combined with a telecentric lens with focusing distance f=103 mm. The scan pattern was designed to ensure a series of equally spaced exposed areas on the substrate, each of which had been subject to a single shot of focussed (Gaussian spatial beam profile [14] ) radiation from the laser operating at 10 kHz. Power levels used in the present work spanned the range 5≤P≤100 mW, which translate into incident fluences at the substrate surface in the range 0.28≤F≤5.66 J cm −2 . Sample characterization involved use of optical microscopy, scanning electron microscopy (JEOL IT300 SEM), atomic force microscopy (Bruker Multimode AFM) and high resolution (HR) transmission electron microscopy (JEOL JEM ARM200F TEM). [20] . The wavelength (λ=355 nm) and particle refractive index (ncolloid=1.44) have been held fixed in these illustrative simulations, and the lensing properties tuned by varying the refractive index of the surrounding medium nliquid. Figures 1 and 2 show calculated outputs for nliquid=1.33 and nliquid=1.49, respectively, with R=1.5 μm, while figure 3 shows calculated intensity distributions for these same two nliquid values and for two different (small) particle radii (R=350 and 195 nm). The latter shows the intensity distribution at the tangent surface under the sphere, calculated using 1300 rays passing through the plane containing the centre of the sphere (i.e. a 2D calculation through the XZ plane defined in figure 1(a) ), with the unperturbed incident laser intensity (I0) set as 2. The false colour plot in figure 1(c) shows the intensity distribution at the surface for an arrangement of three contacting spheres, obtained from a full 3D simulation involving 123 904 uniformly distributed rays. The spacing between the source rays in the 3D simulation is 3.7-times greater, so the accuracy of the three particle simulation is lower, but the features evident from the 3D results (figure 1(c)) are consistent with the 2D benchmarking results shown in figure 1(b).
As figure 1 shows, high-index (i.e. ncolloid>nliquid spheres act as convergent lenses, forming a focal region on the tangent surface under the sphere characterized by increased intensity and a reduced spot diameter [12] . The most striking features, however, are the intense peaks at either edge of the focal region (in the 2D simulation, figure 1(b)), which map into an annular maximum in the 3D simulation ( figure 1(c) ). These arise from optical aberrations at the sides of the sphere and give rise to local intensities that are more than 5-times greater than I0. Beyond this ring, the shadow of the sphere on the tangent surface causes a region of zero intensity. All of these features are evident in the 3D three sphere simulation (figure 1(c)): the substrate surface at the interstice between the spheres is uniformly illuminated (at the incident intensity I0), intensity enhancement is observed within a circular focal region beneath the spheres, with the highest intensity appearing as a ring beyond which is an annulus of shadow extending out to the radius of the sphere.
A low-index (ncolloid<nliquid) sphere, in contrast, acts as a divergent lens. The 2D ray tracing simulation in this case (figure 2(b)) shows an area on the tangent surface (with a radius slightly larger than that of the sphere itself) characterized by an incident intensity lower than I0 bounded by localized regions of minimal and maximal intensity; the latter feature maps into a ring (a 'halo') of enhanced intensity in the full 3D simulation (figure 2(c)). In contrast to the high-index ncolloid>nliquid) case, the intensity modifications caused by a single low index sphere are mild; as figure 2(b) shows, relative to I0, the intensities at the tangent surface in the 'shadow' region under the sphere and in the 'halo' region beyond the edge of the sphere are only changed by, at most, ∼30% (reduction) and ∼50% (increase), respectively. Somewhat larger enhancements are achievable using arrays of low index spheres, however. As figure 2(c)) shows, the intensity at the tangent surface in the interstice between the spheres is ∼3-times greater than in the 'shadow' region. Nonetheless, relative to the high index spheres, the present simulations suggest that the incident laser intensity (relative to the substrate damage threshold) will be a more critical parameter when seeking a given surface pattern with LILAC lithography using low index spheres. We also note that ray tracing calculations for much smaller (R=350 nm) spheres yield results that are identical to those shown in figures 1(b) and 2(b) apart from the expected geometrical scaling factor. Our previous FDTD simulations illustrated that the near field enhancement effects are also sensitive to the difference between nliquid and ncolloid, and the substantial increases in the depth of focus that can be achieved in liquid assisted laser processing [14] . The false colour plots in figure 3 are the results of numerical Mie theory analysis using the Fullwave 9.1 software (RSoft Design). The simulation model comprises a single sphere with ncolloid=1.44, irradiated with linearly polarized (along X), 355 nm radiation propagating in the Z direction (starting to propagate from Z=2R/10) and the displayed electric field intensity distribution is perpendicular to the XZ plane. Figure 3 illustrates the magnitude of the Poynting vector for the Z direction |Sz|, defined as the directional energy flux per unit area in the vicinity of the colloidal particle (with ncolloid=1.44) in liquid media with nliquid=1.33 (figures 3(a) and (c)) or nliquid=1.49 (figures 3(b) and (d)). In each case, the two panels are for particles with R=350 nm and R=195 nm, respectively. These simulations highlight some of the changes in intensity distribution once R≤λ. The intensity patterns in the case that ncolloid>nliquid (figures 3(a) and (c)) are broadly similar to that reported previously for the case of a R=1.5 μm particle [14] , but the region of maximum |Sz| moves to progressively smaller Z/R with decreasing R. Conversely, in the case that ncolloid<nliquid (figures 3(b) and (d)), Mie scattering effects progressively dominate the 'defocusing' seen for larger particles (recall figure 2(b) ) and, in the R=195 nm case, the maximum |Sz| values are clearly under the sides of the particle. Nevertheless, the value of the |Sz| for the low index regime is smaller than 1 (the value of |Sz| when the field is propagating in free space, i.e. in air). In this case, therefore, the presence of the colloidal particle causes no near-field enhancement and the electromagnetic field distribution is largely determined by Mie scattering effects [21] . The remainder of this paper reports experimental demonstrations of many of these predictions. A key parameter in designing surface patterns by LILAC lithography is the contrast between the refractive indices of the sphere and the liquid medium. Our previous study was restricted to particles of just one type and size size (silica, with R=1.5 μm) and a rather narrow range of Δn=(ncolloid−nliquid)=−0.05 to+0.11 [14] . Here we report results for a range of silica particle sizes (1.5 μm≥R≥195 nm) and for a wider range of refractive index differences ranging from Δn=−0.14 (in the case of silica beads in methanol) through to Δn=+0.35 through use of melamine (ncolloid=1.68) spheres with R=1.5 μm. . The ray-tracing simulations corresponding to the melamine particles are qualitatively similar to those presented in figure 1 , apart from the obvious difference that the imprint created under the sphere is smaller (as expected, given the larger value of Δn), and in accord with the present experimental results. The white star in each panel in figure 4 indicates the centre location of one of the original particles, which are removed in the irradiated areas as a result of the recoil pressure accompanying the laser ablation [22] . Given that ncolloid»nliquid, this is a high index regime, with a size parameter α=2πR/λ=17, in which the colloidal particle acts as a micro-lens or micro-resonator [23, 24] . The diameter of the respective surface imprints increases from ∼1 μm ( figure 4(a) ) to ∼2 μm ( figure 4(b) ) as Δn decreases from 0.34 to 0.2, consistent with the expectation that these particles in these media act as converging lenses. Broadly analogous patterns are found using R=1.5 μm silica particles immersed in methanol (Δn=+0.13, figure 4(c) ). Switching to a regime where ncolloid<nliquid, however, as in the case of silica in carbon tetrachloride (Δn=−0.01, figure 4(d)) , yields a very different pattern comprising a network of many small holes, with a range of diameters and a clear registration with the original particle locations. This is another important result. There is a wide and somewhat disparate literature pertaining to refractive values, and their variation with wavelength. Reference to table 1 shows that silica and CCl4 have very similar refractive indices at λ=355 nm, but the surface pattern shown in figure  4 (d)leaves no doubt that this constitutes a low index regime (i.e.ncolloid<nliquid), consistent with table 1. Figure 5 , which shows AFM data for selected imprints created using R=1.5 μm spheres in both low and high index regimes, provides further insights into the periodic patterns created by LILAC lithography. Clearly, the depth modulation created in these single shot irradiations is sufficient to give topographic contrast. In all cases, the Si surface structure resembles ripples on a liquid [25] . The periodicity and the position of the structures relative to the centre of the colloidal particle depend on the relative sign of Δn. Figures 5(a) and (b) serve to reinforce the finding that, under high index conditions (i.e. ncolloid>nliquid), periodic rings develop in the area beneath the particle: the latter acts as a convergent lens. The line scan through the image shown in figure 5(b) shows that, under appropriate combinations of R and Δn, single shot laser processing can create localized 'humps' on the Si surface immediately beneath the particle centres. Figure 5(c) illustrates the other scenario, where ncolloid<nliquid. Here the surface profiling is concentrated just outside the area eclipsed by the colloidal particle, i.e. the latter is acting as a divergent lens; the detailed form of the pattern around the edge of the eclipsed area can be understood as the superposition of two or three concentric annular rings originating from neighbouring particles. The laser induced holes in the Si surface shown in figure 5(c) exhibit depths in the range 40-130 nm and aspect (i.e. depth to width) ratios ranging from 0.15 to 0.35. Figures 6 and 7 provide further illustrations of the diversity of the patterns achievable in the low index (ncolloid<nliquid) regime. Panels 6(a) and (b) show SEM images of patterns obtained by irradiating through an array of R=1.5 μm silica (ncolloid=1.47) spheres immersed in toluene (nliquid=1.52) at two different incident fluences, F=1 and 2 J cm −2 , respectively. The former image is noteworthy for two reasons. First, the irradiation occurred at the edge of the close packed array of particles and, second, F was insufficient to remove the particles. Figure 6 (a) thus provides a particularly clear illustration of the concentric ripple structures emanating from a single particle (see the region bounded by the white box in the bottom right of the figure) and the formation of localized holes where the ripple patterns from multiple particles overlap and interfere. The depths and widths of the holes are sensitive to the order of the mutual interference of the rings (the largest holes are nearest the point of contact between neighbouring spheres in figure 6(a) ), the number of interference rings (the largest holes are in regions that correspond to the interstices between the colloidal particles in figure 6(b) ) and the incident fluence. At this point, we propose that the wave like structures arise as a result of diffraction of the laser beam on the colloidal particles, but further simulation work is needed for a quantitative understanding of the ways in which these particles scatter and focus the incident laser radiation. Figures 6(c) and (d) illustrate how the surface patterning can be varied by another user controllable parameter-the packing of the colloidal particles. These SEM images are of Si surfaces patterned using 355 nm laser pulses, F=2 J cm −2 , CCl4 (nliquid=1.48) as the liquid medium, and a monolayer of R=1.5 μm silica particles in, respectively, hexagonal close packed (hcp) and body centre cubic arrangements. The areas bounded by the white lines are all relative depressions. The SEM images presented in figure 7 illustrate how particle size affects the surface patterning by single shot irradiation of hcp arrays of silica particles immersed in CCl4 at an incident fluence F=4 J cm −2 . The pattern obtained with R=1.5 μm spheres ( figure 7(a) ) is sensibly consistent with that shown in figure 6(c) . The hexagonal motif is still clearly evident in the pattern formed with R=350 nm particles ( figure 7(b) ), but the relative depth and width of the holes formed by the interfering ripple structures are increased. This trend is continued upon further reduction in particle size, to R=195 nm ( figure 7(c)) , where the SEM image shows a rather uniform ablation 'moat' around the original site of each particle and a yet more developed 'hump' under the original particle centre. All of these observations are broadly consistent with previous suggestions that irradiation promotes a capillary wave with a wavelength that is dependent on Δn, R and λ [26] . Figure 8 shows SEM images illustrating the variation in surface patterning with change in particle size when irradiating at F=4 J cm −2 in the high index (ncolloid>nliquid) regime, using silica particles in methanol. The pattern formed using the R=1.5 μm particles is reminiscent of that found at lower F (figure 4(c)), with concentric ripple structures beneath the locus of each particle but also shows evidence of patterning around the periphery of each particle. This pattern evolves upon reducing R such that, by R=195 nm ( figure 8(c) ), the surface pattern is dominated by an hcp array of 'humps' (height∼40 nm, FWHM∼120 nm) with a registration that matches that of the colloidal particles used for the LILAC processing. Individual hump structures in the patterned Si sample shown in figure 8(b) were investigated by conventional and HR TEM. One hump and part of the underlying substrate are evident in the conventional cross-sectional TEM image (60 000× magnification) of a thinned sample shown in Figure 9 (a). LILAC processing has clearly modified the surface (cf unirradiated regions where the surface is smooth as in other regions without deposition, but energy dispersive x-ray (EDX) spectra taken from localized (∼2 nm diameter) regions within the hump and substrate regions indicate the same chemical composition (i.e. SiKα peak only). The HRTEM image ( figure 9(b) , 600 000× magnification) taken at the hump-substrate interface shows obvious fringes, but no obvious epitaxy between the substrate and the hump; fast Fourier transforms (FFTs) of the structure evident in selected regions of the image confirm the polycrystalline nature of the Si in the hump. 
Conclusion
This study demonstrates the formation of regular micron and submicron-size patterns on Si substrates by LILAC lithography. The surface patterns derive from concentric rings that originate from beneath the centre of each particle in the irradiated array, but the detailed form of these rings and their mutual interference is shown to be sensitively dependent on the difference in the refractive index of the particles (ncolloid) and the liquid medium (nliquid) in which they are immersed, and the particle size. The ripple-like surface structures are tentatively ascribed to diffraction of the laser beam on the colloidal particles, but further experiments and simulations are currently underway to provide a fuller understanding of the ways in which incident radiation is scattered and focused by interaction with colloidal particles immersed in different liquid media.
